ABSTRACT: Two-dimensional molybdenum disulfide (2D-MoS 2 ) screen-printed electrodes (2D-MoS 2 -SPEs) have been designed, fabricated, and evaluated toward the electrochemical oxygen reduction reaction (ORR) within acidic aqueous media. A screen-printable ink has been developed that allows for the tailoring of the 2D-MoS 2 content/ mass used in the fabrication of the 2D-MoS 2 -SPEs, which critically affects the observed ORR performance. In comparison to the graphite SPEs (GSPEs), the 2D-MoS 2 -SPEs are shown to exhibit an electrocatalytic behavior toward the ORR which is found, critically, to be reliant upon the percentage mass incorporation of 2D-MoS 2 in the 2D-MoS 2 -SPEs; a greater percentage mass of 2D-MoS 2 incorporated into the 2D-MoS 2 -SPEs results in a significantly less electronegative ORR onset potential and a greater signal output (current density). Using optimally fabricated 2D-MoS 2 -SPEs, an ORR onset and a peak current of approximately +0.16 V [vs saturated calomel electrode (SCE)] and −1.62 mA cm −2 , respectively, are observed, which exceeds the −0.53 V (vs SCE) and −635 μA cm −2 performance of unmodified G-SPEs, indicating an electrocatalytic response toward the ORR utilizing the 2D-MoS 2 -SPEs. An investigation of the underlying electrochemical reaction mechanism of the ORR within acidic aqueous solutions reveals that the reaction proceeds via a direct four-electron process for all of the 2D-MoS 2 -SPE variants studied herein, where oxygen is electrochemically favorably reduced to water. The fabricated 2D-MoS 2 -SPEs are found to exhibit no degradation in the observed achievable current over the course of 1000 repeat scans. The production of such inks and the resultant mass-producible 2D-MoS 2 -SPEs mitigates the need to modify post hoc an electrode via the drop-casting technique that has been previously shown to result in a loss of achievable current over the course of 1000 repeat scans. The 2D-MoS 2 -SPEs designed, fabricated, and tested herein could have commercial viability as electrocatalytic fuel cell electrodes because of being economical as a result of their scales of economy and inherent tailorability. The technique utilized herein to produce the 2D-MoS 2 -SPEs could be adapted for the incorporation of different 2D nanomaterials, resulting in SPEs with the inherent advantages identified above.
INTRODUCTION
The creation of a global energy system, where economic growth is decoupled from increased greenhouse gas emissions and other air pollutants, has been the aim of researchers since the implications of anthropogenic climate change and poor air quality issues were realized. Hydrogen fuel cells, in particular, the proton exchange membrane fuel cells (PEMFCs), 1,2 have offered less polluting alternatives to many fossil-fuel (FF)-based energy generation technologies. A PEMFC is capable of producing current because of hydrogen oxidation occurring at the anode and the oxygen reduction reactions (ORR) occurring at the cathode. 3−6 The ORR is typically the rate-limiting reaction in the creation of energy by PEMFCs owing to its large kinetic inhibition attributed to the strength of the (di)oxygen double bond. 3, 7 Consequently, the researchers have focused on reducing the onset potential (reducing the overpotential) of the ORR to increase the efficiency of the PEMFC. 8, 9 The ORR has proven to be troublesome as it can occur via a two-or four-electron pathway, depending upon the effectiveness of the electrocatalyst implemented, with the four-electron pathway being [16] [17] [18] 21 leading to the production of H 2 O 2 that can cause the degradation of the proton exchange membrane and a fouling effect upon the anode and the cathode. This will result in the PEMFC having a severe decline in its achievable voltage. 10 Literature suggests that there are direct 11 and indirect 12 H 2 O 2 poisoning mechanisms. Platinum (Pt) is the ideal electrocatalyst for the ORR as it allows for the reaction pathway to occur via a four-electron route, producing favorably water as the end product. 4 However, the inherent problems of utilizing Pt, such as its high cost, have limited the cost effectiveness of the PEMFC and thus have reduced their desirability as alternatives to FF-based technologies. The two-dimensional (2D) nanomaterials have been the focus of research for the search of alternative ORR electrocatalysts. 13−15 2D molybdenum disulfide (2D-MoS 2 ) is an ORR electrocatalytic material. 16 A typical 2D-MoS 2 nanosheet is composed of basal and edge planes, and it has been reported that the edge planes are considered to be the site of electrocatalytic activity for the ORR. 16, 17 In particular, it is the electropositive molybdenum atoms, at the edge sites, that bind the electronegative oxygen atoms and exhibit the electrocatalytic behavior toward the ORR.
17 Table 1 represents a thorough overview of the literature reporting MoS 2 -based electrode materials explored toward the ORR. From the inspection of Table 1 , repeated use of the drop-casting technique as a method of modifying the supporting electrode, typically a glassy carbon electrode, can be observed. We define the drop-casting technique as the process of dispersing an electrocatalytic material into a suitable media/solvent from which aliquots are then taken and pipetted onto the chosen electrode surface. This solvent evaporates leaving behind the electrocatalytic material immobilzed upon the electrode surface that allows "electrical wiring" of the electrocatalytic material. Drop-casting is a convenient and simple technique to explore the electrocatalytic properties of a 2D nanomaterial. It does, however, have numerous disadvantages, such as poor stability, low reproducibility, lack of scalability for industrial applications, and uncontrollable distribution of the material deposited; this is especially a problem when using 2D materials that display differing heterogeneous electrode transfer kinetics in their monolayer, quasi, and bulk forms. 18 This work, therefore, seeks to produce a facile methodology to modify an electrode with a 2D material that does not display the negatives of drop-casting. Additionally, there is an issue of how one can translate the identified electrocatalytic material from the laboratory into industry, such as electrodes in PEMFCs.
To overcome the critical issues identified above, we report the design, fabrication, and evaluation of inks that incorporate 2D-MoS 2 that are able to be screen-printed producing 2D-MoS 2 screen-printed electrodes (2D-MoS 2 -SPEs). These inks and 2D-MoS 2 -SPEs are shown to be electrocatalytic toward the ORR. The 2D-MoS 2 -SPEs have the advantages of tailorability, where different amounts and lateral sizes of the 2D materials can be incorporated, which change the electrochemical performance and critically have scales of economy as a result of their ability to be produced in large volumes and provide a route for the mass production of electrocatalytic surfaces that have the potential to be utilized in fuel cells. Future studies could seek to incorporate any of the plethora of the 2D nanomaterials into inks to produce SPEs designed to meet a niche in electrochemical applications.
EXPERIMENTAL SECTION
2.1. Chemicals. The chemicals utilized, herein, were all of the analytical grade and were utilized as received from Sigma-Aldrich without any further purification; this includes the MoS 2 powders utilized in the production of the 2D-MoS 2 -SPEs. Three variants of the 2D-MoS 2 powder were implemented, each having a distinct flake lateral width, reported independently by Sigma-Aldrich: 90 nm, 19 <2 μm, 20 and approximately 6 μm. 21 Sigma-Aldrich reports the average lateral width of the 2D-MoS 2 particles in powder but details are lacking about the characterization performed to justify these numbers. We observe that the 90 nm 2D-MoS 2 , when suspended into a solvent and subsequently redispersed to allow characterization to be performed, agglomerates to form larger particles with an average lateral width of approximately 400 nm (see Figure 1 ). This increase in the lateral width as a result of agglomeration was not observed for the 2D-MoS 2 particles with lateral widths of <2 μm 20 and approximately 6 μm. 21 We, therefore, use the notations 400 nm, 2, and 6 μm when differentiating between the MoS 2 particles utilized within this study.
2.2. Electrochemical Measurements. Deionized water (resistivity < 18.2 MΩ cm) was utilized to produce all aqueous solutions. All ORR measurements were recorded in 0.1 M H 2 SO 4 ; the sulfuric acid solution utilized was of the highest possible grade available from Sigma-Aldrich (99.999%, double distilled for trace metal analysis). The 0.1 M sulfuric acid solution utilized for the ORR tests contained a 0.9 mM concentration of oxygen; this concentration was achieved by 100% oxygen being bubbled through the solution for 1 h. 22, 23 Note, when the authors of this article denote the ORR onset, it is taken as the potential when there is a 25 μA cm −2 deviation from the background current. 10 An Ivium CompactStat (Netherlands) potentiostat was utilized to make all of the electrochemical measurements. The electrochemical measurements were carried out with an SPE, Pt, and saturated calomel electrode (SCE) as the working, counter, and reference electrodes, respectively. The SPEs were fabricated via screen-printing the appropriate ink through a stencil comprising the design of the electrode/configuration using a DEK 248 screen-printing machine (DEK, Weymouth, U.K.) onto a polyester (Autostat, 250 μm thickness) flexible film. This layer is then cured using a fan oven at 60°C for 30 min. A dielectric paste (product code D2070423D5; Gwent Electronic Materials Ltd., U.K.) is then utilized to insulate the working electrode area of the printed design from its electrical connection. After curing at 60°C for 30 min, the SPEs/surfaces were ready to be used. For comparative purposes, a platinum electrode (1.6 mm, BAS, USA) was tested as a working electrode toward the ORR and hydrogen evolution reaction (HER) under the same conditions as that of the fabricated 2D-MoS 2 -SPEs and graphite SPEs (G-SPEs).
2.3. 2D-MoS 2 -SPE Production. Figure S1 shows the range of designs and geometries that can be achieved via screen-printing, ranging from microbands (50 micron width by 2 cm length), as shown 
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Research Article in Figure S1A , through to macroelectrodes, such as the SPE shown within Figure S1D , which has a working area of 4.5 cm 2 . Finally, the design that was utilized in this study is shown in Figure S1C , which has a diameter and a working area of 3 mm and 0.0707 cm 2 , respectively. We demonstrate this range of SPE designs to highlight the versatility of the electrode design inherent with the screen-printing technology. 18 Figure 2 overviews the fabrication steps required to fabricate the 2D-MoS 2 -SPEs.
A 2D-MoS 2 ink, made from first principles, was considered using a range of solvents, binders, and graphitic materials. A range of inks were formulated using a combination of fast and slow drying solvents along with just solely 2D-MoS 2 (the variants reported earlier) and a range of polymeric binders. Other ink formulations that have additional supporting carbon black/graphite materials and the 2D-MoS 2 variants were also explored. In all endeavors, we found that inks were produced and were able to be screen-printed but had poor/nonexistent electrochemical responses in terms of the ORR overpotential (>−0.9 V vs SCE). Tailoring/optimizing the component of ink formulation did not result in any improvements in the performances, and additionally, the screen-printing process resulted in only a few print cycles being possible before the drying of the screen and becoming unusable. Consequently, this avenue of research was discontinued. To overcome the problems identified above, it was therefore decided to utilize a preexisting commercial graphitic ink. This has the advantage that the commercial ink allows the mass production of 2D-MoS 2 electrode that can be printed for many print cycles without screen-blocking but yet provide advantageous electrochemical performance. Thus, it was decided to incorporate the 2D-MoS 2 variants into an existing carbon−graphite ink formulation (product code C2000802P2; Gwent Electronic Materials Ltd., U.K.). The 2D-MoS 2 was incorporated into the bulk of the graphite ink on the basis of the weight percent of M P and M I , where M P is the mass of particulate, in this case, the 2D-MoS 2 , and M I is the mass of the ink formulation used in the printing process, that is, % = (M P /M I ) × 100. The weight percent of M P and M I varied over the range of 0−40%. The maximum amount of 2D-MoS 2 that can be incorporated into the carbon−graphite ink was found to correspond to 40% as any further percentage of incorporation increases the viscosity of the resultant ink to such an extent, where it is not screen-printable via the technique utilized herein. It is possible to make an estimate as to the mass loading of each 2D-MoS 2 -SPE with regard to weight. Through making a weight measurement pre and post Stage 4 of the screen-printing process, as illustrated in Figure 2 , it is possible to ascertain the weight of the 2D-MoS 2 -modified ink on the surface of each electrode. We then prescribe a percentage of this weight to the 2D-MoS 2 . Utilizing this method, we deduced a value of 101.4, 202.7, 405.5, and 810.9 μg for the mass loading of 2D-MoS 2 in a 5, 10, 20, and 40% 2D-MoS 2 -SPEs. Owing to the nature of the screen-printing process, it is only possible to ascertain roughly accurate mass of 2D-MoS 2 within the ink of each working electrode; we, therefore, use a percentage denotation throughout. Note that the thickness of screen-printed film/electrode depends upon the viscosity of the ink, the screen, and various printing parameters. In our case, the thickness of the print is in the range of 12−15 microns and is hence termed "thick film" technology (historically). The advantage of screen-printing is that reproducible films result on a mass-producible scale. When the electrocatalyst is added to the ink, that is, adding a nanomaterial to micromaterial, the print variation is unsurprisingly unaffected.
To reduce the amount of 2D-MoS 2 material utilized in the fabrication of the 2D-MoS 2 -SPEs, this resulting mixture was screenprinted on top of an initial screen-printed carbon−graphite surface that has been screen-printed using only the carbon−graphite ink formulation (see earlier). Following the screen-printing of the 2D-MoS 2 -modified ink, a curing step is required. A variety of temperatures and curing times were considered before an optimized time period and temperature of 30 min at 60°C were implemented; prior curing times and temperatures resulted in poor electrochemical performances. The 2D-MoS 2 was screen-printed on top of the carbon−graphite surface but with only the working electrode area being printed upon and then cured as described earlier (60°C for 30 min). This is to save the amount of 2D-MoS 2 required and to reduce the overall cost of the electrodes. A visual description of the overall 2D-MoS 2 -SPE screenprinting process used to fabricate the 2D-MoS 2 -SPEs is presented in Figure 2 . 19−21 Figure 1 depicts typical transmission electron microscopy (TEM) images of the 2D-MoS 2 that was reported to have a 90 nm lateral width in its powder form by SigmaAldrich. 19 It is clear that the lateral width of the MoS 2 nanosheets is approximately 400 nm with an internanosheet spacing of approximately 0.7 nm, which agrees with the literature. 24 Figure 1B indicates that there is some aggregation of the nanosheets that is the case for all nanosheet materials after dispersion from their supporting solvents onto a platform, where it is possible to image them using TEM. This agglomeration explains the increase in the lateral width of the observed flakes from the sizes reported by Sigma-Aldrich. 
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The X-ray diffraction (XRD) analysis performed of the 2D-MoS 2 is presented in Figure 3A . 27−29 Last, X-ray photoelectron spectroscopy (XPS) analysis was performed to determine the elemental composition of the 2D-MoS 2 powder utilized herein with Figure 3C ,D showing high-resolution spectra of the Mo 3d and S 2p regions of 2D-MoS 2 . Table S1 indicates that the Mo and S were present at the expected ratio (8.43% Mo atomic concentration to 20.11% S atomic concentration that gives a ratio of 1:2.4, respectively). Note that MoS 2 flakes with lateral widths of approximately 2 and 6 μm were also used in the fabrication of 2D-MoS 2 -SPEs with their physicochemical characterization being presented in Figures S2 and S3 , respectively. Utilizing the 2D-MoS 2 flakes with different lateral widths (approximately 400 nm, 2, and 6 μm) allows us to investigate the effect of altering the active edge to relatively inert basal site ratio upon the ability of the 2D-MoS 2 -SPEs to catalyze the ORR, as the flakes with small lateral widths will have a larger edge to basal site ratio than the flakes with larger lateral widths.
Given the results of the physicochemical analysis performed on the commercially sourced 2D-MoS 2 powder, which was utilized in this study to produce the electrocatalytic inks, it is evident that it comprises high-quality 2D-MoS 2 nanosheets.
3.2. Evaluation of the 2D-MoS 2 -SPEs toward the ORR. The 400 nm 2D-MoS 2 -SPEs (2D-MoS 2 -SPE 400nm ) were fabricated as described in the Experimental Section using the 2D-MoS 2 powder characterized above. Note that the interaction between the graphite ink and the 2D-MoS 2 is one of only physical blending. This is confirmed using XPS on the surface of a 40% 2D-MoS 2 -SPE, which demonstrates the same spectra as that of the 2D-MoS 2 powder as described in Results and Discussion (see Figure S4A ,B). Details of TEM, SEM, and XPS used in this study are given in the Supporting Information. Previous studies have shown that 2D-MoS 2 is electrocatalytic toward the HER; 28 it was therefore essential to benchmark the 2D-MoS 2 -SPE 400nm in 0.5 M H 2 SO 4 . This ensures that no electrochemical activity in the ORR region of the linear sweep voltammogram (LSV) would convolute the signal output of 2D-MoS 2 -SPE 400nm ; these results are described fully in Figure  S5 . Figure 4A shows a characteristic LSV obtained using a G-SPE; 5, 10, 20, and 40% 2D-MoS 2 -SPE 400nm ; and, for comparative purposes, a Pt electrode in oxygenated 0.5 M H 2 SO 4 (see Experimental Section). 10 Upon inspection of this figure, it is clear that the (bare) G-SPE displayed an ORR onset potential, more electronegative than the other electrodes examined, and a smallest peak current of approximately −0.53 V and −635 μA cm −2 , respectively. The Pt electrode displays the optimal ORR onset potential and the largest peak current of +0.46 V and 2.92 mA cm −2 , respectively. The 2D-MoS 2 -SPE 400nm displays a significantly less electronegative onset potential and an increase in the peak ORR current compared with that of the G-SPE; however, all of the 2D-MoS 2 -SPE 400nm have a more electronegative and smaller peak current compared with that of the Pt electrode. It is clearly observed that as the percentage mass incorporation of 2D-MoS 2 into the 2D-MoS 2 -SPE 400nm increases, there is a decrease in the electronegativity and an increase in the current density, with the ORR onset and peak potential varying from approximately −0.19 to +0.16 V and approximately −0.89 to −1.62 mA cm −2 for a 5−40% incorporation of 2D-MoS 2 into 2D-MoS 2 -SPE 400nm , respectively. This effect is likely attributed to the 40% 2D-MoS 2 -SPE 400nm having the largest mass of 2D-MoS 2 present, which results in it having the largest number of exposed edge sites on the electrode surfaces, making it evident that as the mass incorporation of 2D-MoS 2 increases, the ORR onset becomes less electronegative and the peak potential increases.
It was shown that the electrochemical responses obtained for the 2D-MoS 2 -SPE 400nm were a result of diffusional processes and were not convoluted by the presence of a thin-layer effect. This was shown by a comparison between the log scan rate (υ) and log peak current of the reduction redox peak (I p Irrev ) giving a linear trend value no larger than 0.52 (see Table S2 for detailed values).
Then, the number of electrons involved in the ORR reaction mechanism was explored for the 2D-MoS 2 -SPE 400nm . 13 There is no rotating-disk electrode methodology for determining the number of electrons involved in the ORR that are compatible with the SPEs developed in this study; Tafel analysis was therefore utilized as a method to determine the number of electrons involved in the ORR electrochemical mechanism. 30 First, a plot of ln(I) versus E p (V) was produced for the G-SPE and the four 2D-MoS 2 -SPE 400nm variants (see Figure 4B and Table S2 ). The information required to do this was taken from the ORR LSVs (which were utilized to produce Figure 4A ) and using the following equation
The slope of the plot of ln(I) versus E p (V) corresponds to δln I/δE p , where α signifies the electron-transfer coefficient, F signifies the Faraday constant, n′ signifies the number of electrons transferred in the rate-determining step, R signifies the universal gas constant, and T signifies the solution temperature (K). The first electron transfer is electrochemically irreversible, and therefore, the n′ utilized is 1. 31 The αn′ values for each electrode were unique and calculated separately from the Tafel equation above. By incorporating these values into the Randles−Sěvcík equation (shown below), it was possible to deduce the number of electrons involved in the reaction mechanism (n)
where C is concentration that is assumed for the oxygensaturated solution (0.9 mM), 33 a literature diffusion coefficient (D) value of 2.0 × 10 −5 cm 2 s −1 is assumed, 23, 34 A is the area of the electrode, and υ is the voltammetric scan rate (V s ). Figure 4C depicts the n value of the ORR mechanism for the G-SPE and all 2D-MoS 2 -SPE 400nm variants. The results above show that for G-SPEs, n = 2.67, which suggests that the major product is H 2 O 2 , as is suggested independently for a carbonbased electrode within the literature. 31 On the other hand, the 5, 10, 20, and 40% 2D-MoS 2 -SPE 400nm exhibit an average (N = 3) n of approximately 4.10, 4.06, 4.08, and 4.29, respectively, which suggests that the major product of the ORR reaction mechanism is the preferential H 2 O. Studies by Suresh et al. 16 
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Research Article (alkaline conditions) and Rowley-Neale et al. 10 (acidic conditions) have previously produced an ORR mechanism involving four electrons; however, both of these studies utilized the drop-casting technique and showed a decrease in the achievable current over the course of a cycling stability (CS) test; we believe that we are the first to produce a screenprintable electrocatalytic 2D-MoS 2 -incorporated electrode that are observed to exhibit an ORR mechanism that occurs via the desirable four-electron pathway producing H 2 O.
3.3. Exploring the Effect of MoS 2 Flake Size upon the ORR Activity of MoS 2 -SPEs: Optimization of the Electrocatalytic Performance toward the ORR. An important consideration was the effect of MoS 2 particle size upon the ability of 2D-MoS 2 -SPEs to catalyze the ORR. We, therefore, fabricated 2D-MoS 2 -SPEs 2μm and 2D-MoS 2 -SPEs 6μm variants to explore their ability to catalyze the ORR, the results of which are shown in Figures S6 and S7 . 2D-MoS 2 -SPEs 2μm displayed an ORR onset potential for its optimal mass modification (40%) of approximately −0.07 V (see Figure S6A) , which is less electronegative than the ORR onset displayed by the 40% 2D-MoS 2 -SPEs 6μm (see Figure S7A ). The ORR onset potentials for the 2D-MoS 2 -SPEs 2μm and 2D-MoS 2 -SPEs 6μm were both more electronegative than that displayed by the 2D-MoS 2 -SPEs 400m . With regard to the number of electrons involved in the ORR reaction mechanism, neither 2D-MoS 2 -SPEs 2μm nor 2D-MoS 2 -SPEs 6μm allowed for the desirable four-electron pathway at any percentage mass of incorporation (see Figures  S6C and S7C) . It is clearly evident that implementing a smaller particle size of MoS 2 produces MoS 2 -SPEs results in a more beneficial ORR activity. The observed change in ORR performance is a clear result of the differing morphologies of the 2D-MoS 2 used in the fabrication of the SPEs, where it appears that the smaller flakes have a greater proportion of active edge sites than that of an equivalent mass of larger flakes.
To explore the charge transfer resistance inherent by each 2D-MoS 2 -SPE 400nm , an electrochemical impedance spectroscopy (EIS) study was also carried out. It determined that the incorporation of 2D-MoS 2 into 2D-MoS 2 -SPE 400nm was observed to lower the charge transfer resistance (Ω) with the 40% 2D-MoS 2 -SPE 400nm having the lowest Ω of 2.2 × 10 3 . For a full description, see Figure S8 .
It was essential to ascertain whether the printing technique implemented herein resulted in a complete and uniform coverage of 2D-MoS 2 onto the surface of an SPE. We, therefore, employed a Raman mapping technique encompassing the entire surface of a G-SPE or 2D-MoS 2 -SPE 400nm . At each of the points within the Raman grid, a comparison was made between the observed intensity of the peak at 380 cm , thus allowing one to observe the coverage effect of the 2D-MoS 2 . Figure 5 shows that increasing the percentage mass of 2D-MoS 2 within the graphitic ink, used to produce the 2D-MoS 2 -SPE 400nm surface, results in an increased intensity of the 380 cm −1 Raman peak, signifying that there is a positive correlation between the percentage of 2D-MoS 2 within the separate inks and the 2D-MoS 2 present on the electrode surfaces. The visible red (the Raman map of a G-SPE) coverage in Figure 5A signifies that the incorporation of a 5% 2D-MoS 2 into the graphitic ink is not a sufficient mass to result in a complete surface coverage. At 10% 2D-MoS 2 incorporation within the ink, there are no visible red points; we therefore propose that this is the mass at which complete coverage of the . The green map is the 2D-MoS 2 -SPE and the underlying red represents a bare graphitic electrode surface.
Research Article electrode surface by MoS 2 is achieved. Note that because of the similarity between the 2D-MoS 2 nanosheets and the graphite/ binder present on the surface of an SPE, any attempt to visually assess the presence of 2D-MoS 2 on the 2D-MoS 2 -SPE 400nm surface was unsuccessful, as shown in Figure S9 .
To ascertain the CS of the 2D-MoS 2 -SPEs, 1000 repeat scans were carried out on a 20% 2D-MoS 2 -SPEs 400nm , which acted as a representative example for all of the 2D-MoS 2 -SPEs. This is a vital consideration, especially for the industrial applications, where stability and longevity are essential characteristics of an electrode material. It is evident upon the inspection of Figure  S10A that the 20% 2D-MoS 2 -SPE 400nm displays remarkable stability with respect to its achievable current, as it goes from 41.24 to 41.34 μA for the 1st to the 1000th scan (based on the current at −0.75 V and a cyclic voltammetry (CV) potential range of 0 to −1.4 V). Note that a carbon-based electrode was used as a counter-electrode rather than the typical Pt electrode for the duration of this CS. This was to prevent any contamination of the working electrode by in situ deposition from the Pt counter-electrode by the mechanism described by Gottlieb et al., 35 which would serve to convolute the observed results. Returning to Figure S10 , there is a redox peak visible at approximately −0.3 V on the 1000th scan, which is not visible on the 1st, 10th, and 100th scans. This can be attributed to the ORR occurring as oxygen is likely to have permeated the 0.1 M H 2 SO 4 electrolyte over the course of the CS experiment. 10 Figure S10B shows the observed CVs of an SPE that had approximately 252 ng cm −2 of 2D-MoS 2 drop-cast onto its surface and then subsequently underwent a CS test under identical conditions as implemented above. It is clear upon inspection of this figure that the HER onset potential became slightly more electronegative over the course of 1000 repeat scans, with the 1st scan having a HER onset of approximately −480 mV (vs SCE) compared with −520 mV (vs SCE) for the 1000th scan. There is also a 21.9% reduction evident in the observed current (from 49.2 μA at the 1st scan to 38.4 μA at the 1000th scan, based on the current at −0.75 V and a CV potential range of 0 to −1.4 V). This reduction in the achievable current is likely a result of the 2D-MoS 2 delaminating from the electrode surface over the course of 1000 scans. To further explore the stability of the 20% 2D-MoS 2 -SPE 400nm , we performed chronoamperometry at −0.75 V for 36 000 s as reported in Figure S10C . The achieved maximum current increased from −30 μA at 0 s to 37.4 μA at 2500 s, after which there was a more gradual increase in the current to 48.9 μA at 36 000 s. Table S3 shows the elemental compositions, deduced using XPS, of a 20% 2D-MoS 2 -SPE 400nm pre and post 1000 repeat scans described above. Clearly, no contaminants were present that may have contributed to the prolonged current stability exhibited by the 2D-MoS 2 -SPE 400nm , such as Pt. We, therefore, infer that the remarkable stability observed is due to the intrinsic properties of the 2D-MoS 2 -SPE that arise owing to the anchoring of 2D-MoS 2 within the bespoke-formulated ink. It was essential to compare the CS of drop-casting 2D-MoS 2 onto the surface of a G-SPE to ascertain whether the incorporation of the 2D-MoS 2 into the bulk SPE ink offers an advantage in this respect. Given the results of the CS studies, it can be inferred that incorporating the 2D-MoS 2 into the bulk SPE ink (rather then drop-casting the 2D-MoS 2 ) results in a greater stability of the achievable current.
The intrarepeatability of the 2D-MoS 2 -SPEs 400nm was also explored with three repeats. Clearly, the 2D-MoS 2 -SPEs have numerous advantages over traditional carbon-based electrodes, such as their reproducibility, tailorability, and vast economy of scales, whilst also being highly electrocatalytic toward the ORR.
CONCLUSIONS
We have reported upon the production, characterization, and implementation of 2D-MoS 2 electrocatalytic inks that are herein utilized to produce SPEs/surfaces (2D-MoS 2 -SPE). Through tailoring the lateral width of the MoS 2 flakes utilized in the 2D-MoS 2 -SPE production from an average size ranging from approximately 400 nm to 2 and 6 μm, it was possible to optimize the 2D-MoS 2 -SPE electrocatalytic activity toward the ORR. We observed a clear trend of increased ORR activity associated with the incorporation of a smaller MoS 2 flake size. We prescribed this observation because of a higher ratio of electrocatalytic Mo sites, found at the active edges of the flake, available relative to the inert basal planes at smaller flakes.
Utilizing a mass ratio of 40% (400 nm) 2D-MoS 2 to 60% carbon ink to produce optimized 2D-MoS 2 -SPE 400nm results in an ORR onset potential, peak current, and average n value of +0.16 V, −1.62 mA cm −2 , and 4.29, respectively. These values clearly show that the 40% 2D-MoS 2 -SPE 400nm is significantly more electrocatalytic toward the ORR than a typical graphitebased SPE. Most promising of all is the observation that at any of the optimized 5, 10, 20, and 40% 2D-MoS 2 -SPEs 400nm , the ORR reaction mechanism was occurring via the desirable fourelectron pathway (H 2 O product) rather than the two-electron pathway (H 2 O 2 product). The 2D-MoS 2 -SPE 400nm were also shown to be electrochemically stable with regard to their signal output (current), with an optimized 20% 2D-MoS 2 -SPEs displaying an increase of 0.21% μA in their achievable current being observed over the course of 1000 repeat scans.
The technique in which we have fabricated 2D-MoS 2 -incorporated inks and, subsequently, 2D-MoS 2 -SPEs 400nm can be readily extended as a template for industrial and research applications seeking to produce cheap, stable, and reproducible electrodes/surfaces that would display the unique and interesting electrochemical properties associated with a plethora of 2D nanomaterials that could be incorporated into an ink in the same manner as 2D-MoS 2 is herein shown to be capable of.
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